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SUMMARY

The ability of molecular vrygen to absorb Light in
the Schumann-Runge wliraviolet  region of  the
speetrum has been wsed 1o follow the change in
concentration of molecular orygen as @ function of
time behind shock wares tn oaygen and in a mirture
of 10-percent oxygen L argon.

Analysis of the records obtained yiclded values for
the dissociation rate of orygen as a function of
temperature over the range 4,000° o 10,000° K.
The highest previousty reported coperimental results
in the literature were af 700 K. Th results are
erpressed in the form of straight-tine Arrhenius
plots which were fitted {0 the data by using a least-
squares criterion. Agrecment of the maguitude of
the measured dissoctation rales with erperimental
rates from the literatie is satisfactory, but the
observed temperature  dependenee is considerably
weaker than that predicted by the uswal theoretical
treatments.

INTRODUCTION

The dissociation rate of molecular oxygen is an
important parameter in the study of the flow of
high-temperature air.  Many  theoretical esti-
mates of this rate have appeared in the literature.
\ost of these, such as in references 1 to 4, were
introduced only incidentally, beeause they were
needed for the work at hand, but a [ew papers,
such as references 5 to 7, have appeared which
were chiefly coneerned with the theoretieal evalu-
ation of this rate. Tt s evident from treatments
of the general theory of reaction rates (lor example,
ref. 8) that theoretically devived rafes are useful
as a guide but that experimental determinations
must be made ultimately.

This report s concerned  with  experimental
measurements of the O, dissociation rate behind

strong shock waves in oxygen and in a mixture
of 10-pereent oxygen in argon. The changing
concentration of oxygen molecules at a given
point in a shock tube was determined by using an
ultraviolet absorption moethod  developed inde-
pendently by the Nutional Aceronauties and Space
Administration (refs. 9 and 10) and by Avco-
Everett Research Laboratory (refs. 11 to 13).
The strong continuum absorption of O in the
spectral range 1,300 to 1,750 angstrom units was
used to measure Oy concentration as a function of
time and the temperature and density of the hot
eas sample were caleulated from the measured
speed of the shock wave.

Experinmentally measured oxveen dissociation
rates have also been reported in the literature.
Reference 13 used the ultraviolet absorption
method.  References 14 and 15 based their
results on interferometric measurement of the
change in gas density produced by dissociation.
Reference 16 followed the change in gas density
but used the absorption of soft X-rays in xenon
(which was added as a tracer gus) instead of an
interferometer.  Reference 17 used the detach-
ment distance of the bow shock wave on spheres
moving at high velocity through oxygen.

The ultraviolet ahsorption method is to a certain
extent a more satisfying approach than the others
beeause the records obtained depend directly on
the concentration of oxygen molecules present in
the test sample. It should be pointed out,
however, that the O concentration is a function
of gas density as well as of the degree of dissocia-
tion and that the wmount of light absorbed by
a given concentration s determined by the tem-
p(fruluro-d(‘p(-mlvnb absorption coefficient. A si-
multancous nse ol the ulteaviolet  absorption
method with either the interferometric or the
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Neray absorption method appears to be desirable.
However, these methods have not been combined.

SYMBOLS
A pre-exponential  term in the  Arrhenius
equation
D, dizsociation energy, calfmole

1), ellective dissociation energy, cal/mole

d distance particle travels to reach observa-
tion point, cm

d’ distinee of shoek wave [rom observation
point, ¢m

fify funetions

7 mole-fraction of oxygen in gas mixture
before  dissociation  (oxygen, ¢=-1.000;
oxygen-argon, g 0.1007)

J intensity of transmitted light, erg/em®see
g, intensity of incident light, ergfem®see
K, equilibriunm constant based on concentra-

tion, moleculesjem?

A,  cquilibrinm constant based on partial pres-
sures, atm

I dissociation rate constant, em?/molecule-sec

I, recombination rate constant, em®/molecule®-
see

/ absgorption-path length, em

RV A shock Mach number

N Avogadro’s number, 602532104 molecules;
mole

P pressure, atm or nun Hg

J universal gas constant, 82.05 em-atim/imole-
°Ivelvin or 1987 ealjmole-°Kelvin

T temperature, “Kelvin

{ particle time, microsecond

I laboratory time, mierosecond

r particle veloeity, emisec

» velocity of shoek wave, em/see

X total number of molecules and atoms pres-
ent in testing medium

@ degree of dissociation

€ absorption cocflicient, em !

A (—\}{’;'—1) ali- AT IY)—([\B’;:)J o (4\{‘;;{:)

w2(1 1 o), moleenlesfem® (eq. (11

5
Z

m molecular  weight of  undissociated
g/mole
eas density, glem?

reduced gas density, (g--adloip)

T
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a density ratio, pafp

T dissociation relaxation hall time, micro-
second

Ty vibration relaxation half time, microsecond

| concentration, molecules/em?

Subseripts:

1 conditions in {ront of shock wave

2 conditions behind the shock wave

R standard couditions for temperature and

pressure

EXPERIMENTAL DETERMINATION OF DISSOCIA-
TION RATE
DESCRIPTION OF EXPERIMENTAL WORK

The light sources, monochromator, shock tube,
and other related cquipment used in this investi-
gation have been deseribed in detail in references
10 and 18; only a short deseription is given here.
Figure 1 shows a schematic dingram of the experi-
mental equipment.

The dissocintion-rate measurements were niade
in a double diaphragm shock tube with either
oxygen or a mixture of 10-percent oxygen in argon
as the test gas. Bursting the main diaphragm
with either high-pressure hydrogen or helium pro-
duced a shoek wave that compressed and heated
the buffer gas, helium, in the seeond chamber,
This high-temperature and high-pressure buffer
aus burst a smaller second diaphragm to produce
a shock wave in the I-inch channel where the
test gas was located.

Conumnercinl-grade oxveen and argon were used
in all of the tests. The oxygen content of the
10-percent mixture was determined by using a
standard pyrogallol procedure like that described

Counter
Shock 4
tube "o
{1
Shock-wave S
detector 9
H
Grating
A S B\
Puised hydrogen Photomuitiplier . ~~
light source -
g
Light Oscilloscope
trigger trigger
Condenser
bank @
Shock wave

Ficure 1. Schematie diagram of equipment.
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n reference 19. This was done before any test
ans were made and was repeated after all the
uns had been completed. The result was 10.07 -4
1.10 percent oxyvgen.  The test gas was passed
‘hrough u drying agent at high pressure before
wery run {o remove any water vapor present.
A continuous purging system wuas used to insure
the purity of the gas against any air leaks in the
channel of the shock tube.

The pressare of the gas in the channel was
measured with an Alphatron vacuum gage anul
two dial gages.  All the gages were calibrated by
using a Meclieod gage as the standard.  The initial
temperature of the test gas was m sasured before
each run by the use of a mercury-in-glass ther-
mometer mounted near the shock tube.

The test section was located 14 feet from the
second diaphragm to insure complete formation of
the shock wave and 3 feet from the end of the
shock tube to prevent any shock reflections from
interfering with the tests. Two removable win-
dow holders with thin disks ol lithium fluoride
comented to the ends were used as test-section
windows., The slit openings were 1 millimeter
wide and 3 millimeters high, positioned so that
the light beam traversed the shock tube at right
angles to the flow. The optical path length in
the test seetion was 1.0 inch.

Ton-gap-type velocily stations located 5 inches
i front of and 5 inches behind the test section
were used (o determine the velocity of the shock
wave in the test section.  Signals from the ion-
aap detectors triggered  type 2D21 thyratrons.
The pulses from these were fed to Berkeley
counter to measure the transit time of the shock
wave betwoen the two stations and were also used
to trigger the light source and the oscilloscope
sweep.

The ultraviolet light used in the experiment was
obtained by discharging a bank of coils and con-
densers arranged to provide a pulse of light for a
duration of 100 microseconds.  The discharge took
place in a narrow-bore quartz {ube containing
flowing hydrogen gas.  Light from the source
pussed through the test section perpendicular to
the flow in the shock tube. The grating mono-
chromator permitted only a narrow range (11
angstrom units) of the ultraviolet speetrum to fall
on a DuMont Tvype 6202 photomultiplier tube
which had been sensitized Tor ultraviolet light by
coating it with sodinm salicvlate. The optical

path from the exit window in the shoek tube to
the photomultiplier tube was kept evacuated to
prevent any unnecessary absorption  of ultra-
violet light.  The output from the photomulti-
plier tube was fed toa Tektronix type 545 oscillo-
scope and was recorded by a Polaroid FLand
camern,  The rise time of the electronics was of
the order of % microsecond.

Figure 2 shows four typical records obtained.
The traces marked “Vacuum™ show the intensity
of the light obtained with approxinuately 1 nieron
of pressure in the shock tube: the traces marked
“Initial pressure’” show the intensity obtained
with the test gas al a pressure pr and the traces
marked “Record” were obtained for the runs.
The values of p, for the oxygen tests were usually
on the order of 0.5 mm Hg, whereas for the oxygen-
in-argon tests the initial pressures were on the
order of 4.0 mm Hg. On some of the photographs
a “Seattered light” trace was obtained. Beeause
the oxygen present in air at atmospheric pressure
absorbs ultraviolet light completely in the range
of the test wavelengths used, the monochromator
was opened to the atmosphere so that the amoumnt
of seattered  light getting through the mono-
chromator could be determined.

DATA ANALYSIS

Figure 3 is a drawing which represents a typical
oscilloscope record for a test inoxyvgen. The line
at the bottom of the diagram shows a single sweep
with the altraviolet lanp turned oftf and corre-
sponds 1o complete absorption of the heam with
the lamp on.  The broken line is the trace that
would appear if no absorption occurred in the test
coction.  The solid line is the trace at pressure g
that is triggered by the shock wave as it approaches
the test seetion.  The discontinuity in this trace
indicates the arrival of the shoek wave in the test
soction and i chiefly due to the sudden merease
in the gas density across the shock front.  After
this jump, there is a gradual change which is due
to 1 combination of three effects:

(1) Beeause of dissociation, the concentration
of oxygen molecules is decreasing

(2) The lowering of the equilibrium vibra-
tional temperature which ACCOmpanies
the dissocintion affeets the vadue of
the absorption coeflicient ol molecular
oxygen

(3) The gas density inerenses ax dissocintion

proceeds.

[ |
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7,7296.0°K; p = 0.768 mm Hg; 7,2296.5°K; p,* 0.635 mm Hg,

M= 10.33; 72 = 4,983° K M= 9.68; 72= 4477°K
Scattered Scattered
light light
>
2 Record Record
c
8 !
c >
— Z
i)
Initial 3
b= Initial
pressure = pressure
Vacuum
Vacuum
Time —= Time —*
—‘ }—- 10 microseconds “ }-' {0 microseconds
Oxygen
7= 299.0°K; p,=3.205 mm Hg; 7 = 298.0°K; p* 4,955 mm Hg;
M= ., Ta= 7,276° K M|=8.35; Ty= 6,159° K
Record Record
> Initial > Initial
2 pressure % pressure
2 @
=4 €
—-— Lo}
Vacuum Vacuum

Time —

—{ '—— 5 microseconds

Figrne 2. - Typical shock-tube records,

10-percent oxygen in argon

The wavelength used was 1550 angstrom units.
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Diagram illustrating measurements made on
records.

Ficune 3.

The rise in the transmitted intensity toward the
end of the record indicates the arrival of the buffer
aas and thus the end of the observation of the
effect of dissociation.  The time between the pas-
sage of the shock front and the conlact surface was
observed to be considerably shorter than that
established by simple shock-tube theory.  Refer-
ence 20 shows that this is an effect to be expected
in small-diameter shoek tubes operated at low
initial pressures. This reference also indicates
that the temperature and density of the flow in
the region between the shock front and contact
surface may also deviate from that predicted by
simple shock-tube theory.  No correetions were
applied for this in caleulating the density ratio
and temperature behind the shock front. The
nse of the oxyvgen-in-argon mixture allowed tests
to he run at higher initial pressures so that longer
testing tines could be obtained.

The equation =e~etf1il pepresents the light

J,
f]“
infensity ratio hefore the shock wave pussed the
. . ] .
test section and the equation Y lempman! pepre-
J(’
sents the light intensity ratio after the passage of
the shock wave. The quantity p=(y- alpip, 18
alled the reduced gas density and s introduced
for convenience. Note thut py= {/PE and that

&

<

N 2 ‘g—a\ 2
Py (g_a)g:=< g« op, where o=

Ps \ g P1
with distance behind the shock front.  Since the
intensity of the light flashes was not reproducible,

the two intensity ratio equations were combined

and p, varies

into the following equation, which does not in-
clude .J,.

Jo (G )
ﬁl()gf ;]izp[] (J*(/a €2 61) (1)

According o reference 2, the state of a gas
which is dissociating behind a shock wave can be
caleulated as a funection of the degree of dissocia-
tion @ even though the rate of dissociation 18
unknown.  Then experimental measurements of
the gas properties as functions of time behind the
shock [ront can be matched to the ealeulated
properties to determine the unknown rate constant.
"This procedure was followed.  The density ratio o
and the absorption cocfficient e were caleulated as
functions of the degree of dissociation « and were
used in equation (1) to determine theoretical
JolJ, ratios as functions of a. Experimentally
determined ratios of JufJ; as functions of time were
then used to establish the relation between degree
of dissocintion and time which is necessary for the
rate analysis.

Tor this analysis molecular oxygen was assumed
to be the only component which absorbed the
ultraviolet. wavelengths used.  Values of e as a
function of temperature for various wavelengths
wore taken rom reference 10, The best-estimate
values listed there were used and it was assumed
that all the electronic states of O» were excited
behind the shock waves in oxygen, and that only
the ground electronic state of O, was exeited
behind shock waves in the mixture of oxygen in
argon. The possible existence of weals absorption
of ultraviolet light by high-temperature argon
which was pointed out inreference 10 was found to
have a negligible effect on the rate analysis,

To obtain the o and 7" values needed in the
analysis, a graphical solution was niade by using
the equation of state and the conservation equa-
tions as outlined in reference 2. The results are
shown in figures 4 and 5 as functions of shock
Mach number M, and degree of dissociation «a.
Vibrational equilibrium was assumed for all these
results and no records were analyzed for which
vibration was not believed to be in equilibrium,
(See ref. 10 in which the same records were used
to study the temperature dependence of ¢.)

7
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(a) Oxygen.
Frovre 4. Caleulated values of temperature as function of =hock Mach munber for varions degrees of dissociation.
Ty-=300° K.
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10-pereent Oy

)

£ 1. --Concluded.
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Figure 5. Caleulated values of density ratios as a funetion of shock Mach number for

various degrees of dissocintion.
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The effect of jonization was neglected in eal-
culating the density ratio and temperature behind
the front that
jonization is negligible i O below M,—-20 and

reference 22 estimates that ionization relaxation

shock since reference 21 shows

times in argon for pressures on the order of 5 mm
He are greater than 100 microseconds for tempera-
{ures less than 10,000° K.

Y . : : .

Phe dissociation process for moleeular oxygen
the result of bimolecular

was assumed to be
collisions as {ollows:

ko
0.1 X040 1 X
ke
whoere X ean be any type of atom or molecule
{ present.  All collision  partners  were
assumed (o be equally efficient. Any differences
in efficiency were expected to show up in the com-

types ol

parison of the rates measured in pure oxygen to

those measured in the oxveen-in-nrgon mixture.
The concentrations of the various components of

the gas mixtures present inany of the shock-tube

fosts can be expressed as follows:

(Ou] - () <:l)p (G- "/.\/’:' (2)

(O]~ (2a) (:1) i (20) “]\1”1 (13)

[Ar]— (1) (\]) par (=) Ul‘,\/:‘ (4

IX] = (1 a) (;\1) ps (1 o) UI;,\}I,:' &)
Differentiation of cquation (2) gives

di,;r):l”’:( :1 ){ (i~ a) (’/,”,'—p_» :5(;} ()

The custonry equation for bimolecular dis-
sociation and three-hody recombination at con-
stant volume is

£ a0, , PIX
i {/zl} “kJOUINT RIOFINT
e =1}

R
-1
—

By using equation (6), the left-hand side of this
equation can he written as

J1O, N /
(0 )

N .
ar

(S)
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At equilibrium the following relutions hold by

definition:
ok, 1O NK,
o e (0N, o
k10, RT ‘
By also assuming that k,= K, for nonequilib-
rium conditions, equations (7), (®), and (9) can
be combined and solved for &, as follows:

(e
ot
A

by (1)

where

A 4(}?",;%)0(,{}’* o) (L a) —(I;%-l)’o*’(-l\li;{ﬂ)a(l + )
(1

The second term on the right-huand side of equa-
tion (11)1s due to reconmbination of atoms to form
O, and is neghgible except near equilibrium. The
dissociation-rate constants were derived from the
data by using equation (10).

Because the gas behind the shoek wave is flowing
i the same direetion as the shock front, the
sample under observation at a given time is con-
tinually changing.  The particle being observed
was heated initially by the shock wave some dis-
tance 4 ahead of the observation point and is
traveling at a velocity ». When this particle 1s
at the observation point, the shoek wave, which
is traveling at a veloeity », 1s at a distunce '
bevond this point. By assuming constant veloei-
ties throughout (that is, no shock attenuation)
the observed laboratory time, which is the elapsed
fime sinee the shoek wave passed the observation
window, ix given by the relation

i

-
and the particle time, which is the elapsed time
siniee the particle was heated by the passage of the
shock wave, is

) :4/7:1/»{;—(1/'

" !
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percent Oy in Ar

percent Op in Ar (eq. (14}
percent Op in Ar {eq.(15))
(eq. (13))

-and | -percent Oz in Ar
A3)

(ref. 14)

(ref. 17)

-percent Op in Ar (ret. 15)
--0p (ref. I5)

30 35 40x107¢

[ U —
) 3333 2,858 2,500

mined values of the dis-
gen.  Literature values,

are lines,

1ee of the experimen-
cer than that reported
orresponding to the
le Arrhenius equation

-« used to represent the

e these fitted the data
expressions in which
power function of T.
5) must be considered
ions of the measured
cer the given range ol

The effective disso-

be caleulated  from
5), and are as follows:

| o !
74.28 keal/mole

O b 7466 kealmole ‘
YU 102.83 kealymole
‘ |

s are smaller than the
y energy ol the oxygen

RATE OF MOLECCUIL

iO_”

p cm3
d> molecule -sec
el
w
I

3
s

LARRARAI

|O—I5

TTTTIT
S
1

7

|0-|6

3000 4000 50
Froure 8 The diss¢
Literature values, i
lines.  All O in
of Ar; for this reas
and (14 and also
eannot be distinguis

molecule [)y—-117.%
simple Arrhenius e

lf,d =

is not an adequa
obtained.

Two values of 1)
in-argon mixture
in the slope in the
tures us shown in
value of 1,0 is
oxvgen-in-argon <
used and the high
only the data fr
slope of the stray
which eorrespond
follows the trenc
much better than
well with the slog
in figure 7 whick
and 15, Althou
did not report

MEASUREMENTS OF THE

Sinee
p: ( v )
ﬂAZ
pp N

t-at’ (124)
It shock attenuation is present, the equation
still holds in the differential form,

dt - adt’ (12h)

so that

‘1’['\2
(t),— [ adt’ (12¢)

1)

Equation (10) was used to determine &y iniwo
different ways:

First. finite inerements of o and # were used to
ovaluate deajdt for use in equation (10} This
procedure gave correspornding values of &y und T
4t Aa—0.01 intervals for oxyvgen and at Ae—
0.005 intervals for the oxygen-in-argon mixture.

Second, the quantity de/dt was plotted against
A as shown in figure 6. Isothermals on this plot
should be straight lines which radiate from the
origin and have a slope which is equal to kg nt n

50 x103
as|-
40+
O Points at egqual
temperoture
351
- da
ar from
different tests
30 Isothermal line
- (4,500° K)
o
3 251
Sy
20
15+
10 -
51 -
Pt |
0 4 8 2 16 20 24 zsx0”

A, molecule/cm3

Frevre 6. Determination of the dissociation-rate con-
stant for oxvgen using the isothermal-line method.  The
slope of the isothermal line from the origin gives the
vialue of kgt o given temperature.

DIRSOCIATION

KATE OF MOLECULAR OXYG
particular temperature.  In ¢
k, for an given temperature,
sponding to this temperature
the experimental da/dt plots
from the origin was fitted to

PRESENTATION OF

The experimentally determ
dissociation rate constant kg
I and 11 and are plotted in
Experimental rate constants
14, 15, and 17 are also shown

The k, values in table |
initial parts of the records.
I, was determined by what hay
behind the shock front.  Thes
I were fitted by straight line
squares criterion of hest fit.
as follows:

For the oxygen data (3,800°
log g bgs - 1.623321 0t
For the oxvgen-in-argon data
Ky,
logrg kg 1,636 10° (

Another straight line was
temperature  oxXygen-in-argon
7.500° K),

logy, ky——2.2471210"

These lines are shown in figur
Figure 9 presents &y value
same photographs as the init
instead of being restricted to
mediately behind the shock w
were determined at many pou
front and produced a trace hi
ature variation of kg lor each
Table 1T lists the experimen
rom the slopes of isothermal
one that appears in figure 6.
plotted in figure 9 for compar
The experimental rate dats
different way in figure 10
constants k. were derived
rate constants b, by using eq
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|O-| |‘,.
I Traces from each test
— - — Equation (I3}
—--—1Tsathermal line method

10724
(8]
@

o L
mle
e|le

3] E o3 -

© L
€

3 I

|O—I4 —

{a)
|O-I5 1 1 1 | | Il j -4
5 10 1.5 20 25 30 35 40x10
1 -
7 K

L 1 i | { | 1 |
2000010000 6667 5000 4000 3333 2858 2,500
7, °K

(1) Oxyvgen,

Frevre 9. - Experimentally  determined  values of  the
dissociation-rate constant.  Curves from isothermal-
line method, least-square lines, and  experimentally
determined traces.

they observed, in agreement with the present
work, that the Ay values for an oxygen-in-argon
mixture above 7,500° K were lower than would be
expected from an extrapolation of the duata below
that temperature. They attributed this to cou-
pling of the dissociation and vibrational relaxation
processes al temperatures above 7,500° K. No
eriticisim is offered here of the coupling process
they proposed.  Indeed, it looks very plausible.
However, they point out that, once vibration has
reached cquilibrium, the dissoctation process pro-
ceeds normually. Thus, if vibration reaches equi-
libriwm in a time interval after the shock passage
which is equal 1o or less than the resolution time
of the equipment used, then there is no reason
to believe that the analysis of the records obtained
would be affected.  Figure 11(a) shows that,
under the conditions present in the experiments
reported here, the Taboratory vibrational relax-
ation (imes 7 were equal to or less than the
equipment resolution time of approximately 0.33
microsceond for temperatures equal 1o or greater

AERONAUTICS AND SPACE ADMINISTRATION

o-e
L Troces from each lest
----- — Equation (15)
—--— Isothermal line method
1012
° |
a -
i P
53 03 E
2 —
2 -
€ L
3 [
0'4E
1015 L i 1 1 i i (o) ]
5 10 15 20 25 30 35 40xi07¢
| -l
7. K

L L 1 I 1 1 L J
20000 I0P00 6667 5000 4000 3333 2858 2500
T, K
(b} L0-pereent Oy in Ar.

Frevre 9--Coneluded.

103 o 0p in Ar {ref 25) 0, in Ar
O Oplref.24)  ---ooo- 0,
o Oz(ref. 26) —‘—812
—--—Brpin Ar
N ——TIpin Ar
- N ———=- Theory
§ —_——
1
W |
L3
§ 3,43
810 N
g 28 \
: Ref. 15— E3: 15~
b - Ll £q.04
1034 Ref.13 ==
1036 ! N W D B | | 1 L L
0 2000 4000 6000 BOOO 10000

T. °K
Frivre 10, Theoretical and experimental recombination-
rate constants as a funetion of temperature.  {Where
kq values are given in the literature, the Ao values are

caleulated by using k. ~ka/RKN oo
than 5,000° K.  On the other hand, at tempera-
tures less than 5,000° K the dissociation rate is
so much sglower than the vibration adjustiment
rate that very little dissocintion occurred during
the times required to attain vibrational equi-

librium.  Coupling of vibration and dissociation

P——
R
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10-3

T, for O
-------- 7, for 10percent Op in Ar
—-— tp for Op from eq.(13)

3 \\
\ —--— 1p for 10- percent Op in Ar (eq {14}
\, —--—-— Tp for 10-percent Oz in Ar leq. (15))

T

106

Relaxation times, v, ond 1, sec

107

(a)
J

108 ! | L | I I
3000 4000 5000 6000 7,000 8000 9000 10,000

7,°K

?

() Half times appropriate for this report: pr 0.5 i Hy
for O, and 4 mm Hg for 10-pereent Oy in Ar; Ty - 300° K.
74 bused on duata of reference 13; 75, based o data of this
report.

Frovee 11, Laboratory rebixation half times as a funetion

of temperature.

should not have affected the &, values reported
here.

Figure 11(h) shows the laboratory vibration
and dissocintion relaxation times appropriate to
the work reported in reference 13, A time reso-
lution of 0.1 microsecond corresponding to the
reported shit width of ¥ millimeter was used. On
the basis of the curves in figure (), coupling
should not have wfected their records for tempera-
(ures greater than about 5,000° K for the T-per-
cent mixture and for temperatures greater than
about 10,000° K for the 21.5-percent mixture.
Thus the effect of coupling may have been obsery-
able on some of their 21.5-pereent records but
not on their l-pereent records.

The luboratory vibrational relaxation times 7y
used in the preparation of figure 11 were obtained
from the measured relaxation times reported in
reference 13, The laboratory dissociation relaxa-
tion tines 7, in ligure 11(a) were based on eqna-
tions (130, (14), and (15) and in figure Lichy the

073 =
- t,, for 21.5- percent O, in Ar
N\ e ), for I-percent Op in Ar
- \ —-—— 1y for 21.5-perceni Oz in Ar
[~ N —--—1p for |-percent 0, in Ar
otk \
- NN
o
] [
=
> L
o
51075
Q
-
o
Q
E
5
< 1078
o
»
[=]
®
x
07 = -~
08 L It i L | i (L
3000 4000 5000 6000 7,000 8000 9000 10000
7, °K

(h) Hall times appropriate for reference 130 (193 mm
Heg for 21.5-pereent € in Ar and 20 mm Hg for 1-pereent
O, in Ar: 77 204° K. 7y and 7 basedon daia of refer-
enee 13.

Firaugre 11, -Coneluded.

rp values were based on the measured  rates
reported in reference 13, In order to muke the
caleulated dissocintion relaxation times as short
as possible, the initial values for the temperature
and density ratio behind the shock front were
assumed 1o be maintained throughout the process.
This is a conservalive assumption, sinee the
actual dissociation times were longer.  In the
ease of the relaxation times in figure 11 the
values of py and 77 were typical of the values
used  for most of the tests. The caleulated
vibrational reluxation times shown in figure 1160
were verified by measured values on the dis-
sociation records when the times were long
enough to be observed.

The near equality of the effective dissociation
energies for oxygen and for the oxXygen-n-argoi
mixture when all the data were used takes on
added significance when compared with the re-
sults reported in reference 27 on the dissociition
rate of bromine. The dissociation energy for the



16 TECHNICAL REPORT R—108—NATIONAL ARRONAUTICS AND SPACE ADMINISTRATION

bromine molecule is 45.5 keal/mole and the Doy
values calealated from straight-line plots through
the data reported in reference 27 are as follows:

‘ Br, ‘ 30.5 keal/mole ‘
| Brzin Ar | 32.2 kealimole |
I B

This table shows that in bromine as well as in
oxygen the values of 1), are much smaller than
the values of D,.

The truces in figure 9 illustrate the varintion of
the experimental &y values with 1/7 during the
various runs. The results of the alternate method
for analyvziug the data, the isothernal line method,
are also shown in this figure. The least-square
Jines from fignre 7 are duplicated in figure 9 in
order to provide a convenient comparison refer-
encee.

The isothermal-line results and the least-squares
lines follow the sume general trends as the traces.
In this connection it is satisfving to note that for
the isothermal line method each &, value represents
an average over many tests, that for the traces
cach £, value depends on loeal conditions behind
the shock front for a particular test, and that for
the least square lines the ky -ulues are dertved from
the initinl portions of the traces. The agreement
between these widely differing methods of analysis
indicates that the rates measured at a distance far
from the shock front are essentially the same as
those measured near the shock front and that the
results of averaging many truces are essentially the
same as the results from a single teace. Thus the
omission of uny corrections for effects on the flow
caused by the use of a small-diameter shock tube
at low pressure is shown to be justified.

The recombination rate constant &, is assumed
1o be reluted to the dissociation-rate constant ke
by the relation (eq. (9))

i, =k
k.

where K, is the equilibrium constant for the dis-
socintion reaction.  Sinee K, is well-known from
thermodynamnic ealeulutions, k. can be caleulated
from measured values of &, on the basis of this
assumption.  The plot of the k, values against 7'
is an interesting way (o compare experimentally
values of ke The dissociation-rate
constant ky is generally helieved to have the form

measured

—-D )
ko= () exp (»EITQ> and K, is known to have the

)(" nm e
form K.=/,(T) exp ( 71,], ) Thus &, =k,/K, has

R
T
the form k,“—’:‘ﬁ-(,,)" In other words, the strong
So(T)
temperature dependence of k, due to the presence
— Dy .
of the factor exp ( 1,,?) is cancelled out so that
e /

attention can be concentrated on the remaining
temperature dependence.

Figure 10 compares the k, values derived from
the k, values shown in figure 7 and includes some
measured values of &, at room temperature taken
from the literature. Some curves of k, at high
temperature for bromine, hromine in argon, and
iodine in argon are also included. No correetions
for collision efficieney were applied In any of the
teansformations. Sinee the efficiencies of the vari-
ous atoms and molecules are not well established,
it seemed best to compare the data in the original
formn.

All of the data in figure 10 indicate that ke,
decrenses with temperature.  This result agrees
with the result of a theoretical treatment originally
due to Wigner. (See refs. 30 to 32.) The equation
used for plotting Wigner’s results ns they apply to
oxyvgen dissociation was taken from reference 3.
One other curve in figure 10 was not aleulated
direetly from experimental values of k. It repre-
sents an estimated dependence of £; on T and was
taken from reference 23. This estimated curve
appears to be a reasonable compromise between
{he various experimental results. However, more
experimental duta are needed. This is especiully
true in the temperature region from room tem-
perature to 4,000° K and from 7,000° K upward,
in which very few measurements of k, or k; have
been reported.

CONCLUSIONS

From the experimental data the following con-
clusions ean be drawn.

1. The dissociation rate constant k-, for molece-
ular oxvgen has been measured in pure oxygen
over the temperature range 4,000° to 9,000° K.
The values obtained agree reasonably well with
the experimental values found in the literature.
The highest previously reported results in the
literature were at 7,000° K.
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9 The dissocintion rate constant by of molecular
oxvgen has been measured in a mixture of 10-
percent. oxyget in argon over the temperature
range 5,000° to 10,000° K. The highest previously
reported experimental values in the literature were
at 7,500° K. The &, values agree with those
obtained in pure oxvgen when a correction is
applied for the low efficieney factor of argon atoms
relative to oxygen molecules in producing molee-
ular oxvgen dissociation.

3. The measured values of £, in pure oxygen
are about five times larger than those for the
mixture.  These values correspond to an efli-
ciency factor of one-ninth for an argon atonm as
compared with an oxygen molecule.

4. The temperature dependence derived by
fitting straight lines to the two types of measured

data is very nearly the same for both, but this
{emperature dependence is considerably weaker
than those given in the literature at somewhat
lower tetperatures. By fitting a straight line to
the oxygen-in-argon data over the low-temperature
range, agreement is obtained with the literature
data.  Apparently, some mechanism eaused the
temperature dependence of &y in the oxygen-in-
argon mixture to deerease at high temperature.
The parallel effeet in pure oxygen was not evident
from the observed vilues of &y, but the agreement
of the temperature dependence between the two
sets of data points to the possibility of its presence.

LancLey Reswarcn CeENTER,
NATIONAL ABRONAUTICS AND SPACE ADMINISTRATION,
Lancrey Freno, Va, March 28, 1961,
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